Dispersal is an important form of movement influencing population dynamics, species 25 distribution, and gene flow between populations. In population models, dispersal is often 26 included in a simplified manner by removing a random proportion of the population. Many 27 ecologists now argue that models should be formulated at the level of individuals instead of 28 the population-level. To fully understand the effects of dispersal on natural systems, it is 29 therefore necessary to incorporate individual-level differences in dispersal behaviour in 30 population models. Here we parameterised an integral projection model (IPM), which allows 31 for studying how individual life histories determine population-level processes, using bulb 32 mites, Rhizoglyphus robini, to: (i) assess whether or not accounting for life-history differences 33 between residents and dispersers affect natal population growth rates, and (ii) assess to what 34 extent dispersal expression (frequency of individuals in the dispersal stage) and dispersal 35 probability affect the proportion of dispersers and natal population growth rate. We find that 36 ignoring life-history differences between residents and dispersers underestimates the 37 population growth rate and overestimates the proportion of the population that disperse as 38 dispersal probabilities increase. Furthermore, allowing for life-history differences between 39 residents and dispersers shows that multiple combinations of dispersal probability and 40 dispersal expression can produce the same proportion of leaving individuals. Additionally, a 41
3

Introduction 48
The movement of individuals is one of the key mechanisms shaping biodiversity (Travis 49 and Dytham 1999; Jeltsch et al. 2013 ). An important form of movement is dispersal, which is 50 any movement of individuals or propagules with potential for gene flow across space (Ronce 51 2007; Bonte et al. 2012) . Dispersal influences the dynamics and persistence of populations, 52 the distribution and abundance of species, the community structure, and the level of gene 53 flow between populations (Brown and Kodric-Brown 1977; Dieckmann et al. 1999; Hanski 54 1999; Bowler and Benton 2005) . In so doing, dispersal can fuel evolutionary processes such as 55 local adaptation and speciation (Dieckmann et al. 1999 ). Currently, understanding dispersal 56 behaviour is important to be able to predict how populations will respond to some of the most 57 important threats to biodiversity, such as climate change, habitat loss and fragmentation, and 58 the invasion of alien species (Bowler and Benton 2005; Clobert et al. 2009 ). 59
In the last decades, the drivers of dispersal have been the centre of many theoretical 60 studies (Hamilton and May 1977; Johnson and Gaines 1990; Hanski 1999; Clobert et al. 2004) . 61
However, the dispersal process itself has gained less attention. Due to practical problems 62 associated with the study of dispersal in the field, much of dispersal research has taken a 63 theoretical approach (Bélichon et al. 1996; Bowler and Benton 2005) . In population models, 64 dispersal is often considered as a population-level process, in which a proportion of the 65 population leaves (Clobert et al. 2004; Bowler and Benton 2005) . In such models, individual-66 level differences are often ignored, which means that any individual within the population has 67 the same probability of dispersing successfully. However, recently it has been argued that 68 population ecology should shift its focus from formulating models at the population level to 69 the level of individual organisms (Clark et al. 2011; Topping et al. 2015 ; Soudijn and Roos 70 2017); an argument echoed in the field of dispersal (Bonte et al. 2012) . Although ecological 71 4 patterns can be observed at the population level, it is the behaviour and demographic changes 72 of individuals that shape the dynamics of the population (Clark et al. 2011; Soudijn and Roos 73 2017) . So, in order to fully understand the effects of dispersal on natural systems, it is 74 necessary to incorporate individual-level differences in dispersal behaviour in population 75
models. 76
Empirical studies have shown that dispersing individuals typically have different 77 demographic properties compared with residents (individuals that remain in the population) 78 disperser morphology are ideal study systems to investigate the individual-level effects and 87 adaptive significance of dispersal in natural populations. For many of these species, each 88 genotype has the potential to develop into a disperser or a resident (Harrison 1980; Clobert 89 et al. 2004 ). The investment in a disperser morphology is costly if it requires resource 90 investment, likely at the expense of investment into body condition or fecundity (Lemel et al. 91 1997; Bonte et al. 2012; Deere et al. 2015) . Such investment costs, defined as "pre-departure 92 costs", arise during development prior to the actual dispersal event, although they may be 93 deferred to later in the life-history as well (Bonte et al. 2012 ). However, not all individuals that 94 invest in dispersal morphology leave their natal population, e.g. due to a behaviour or 95 5 physiological component affecting dispersal propensity (Roff and Fairbairn, 2001) , reduced 96 patch accessibility or environmental conditions (Johnson 1969) . In order 97 to make the dispersal process in population models more realistic and its results more 98 biologically relevant, an individual-based method that takes distinct dispersal life-histories 99 and (un)successful dispersal into account is necessary. Here, we do so using an approach that 100 incorporates these distinct dispersal life-histories into a population model structured by life 101 stage. The output of the model is then compared to that of a model that does not account for 102 distinct dispersal life-histories to unravel how dispersal characteristics affect natal population 103 dynamics. Finally, the effect of dispersal in the more complex model can be analysed. As a first 104 step towards such an approach we apply the model to the bulb mite (Rhizoglyphus robini, 105 Claparède). 106
The bulb mite is an ideal model system to study dispersal as it has a distinct dispersal 107 stage within its life-history. We model the system using Integral Projection Models (IPMs) as 108 they comprise individual-level functions that describe demographic rates (thereby tracking 109 fluctuations in population size and structure), they can be applied to species with complex 110 demography, require relatively straightforward mathematical techniques from matrix 111 calculus, and are closely and easily linked to field and experimental data (Easterling et al. 2000; 112 Ellner and Rees 2006) . We parameterise two IPMs to test our approach, and in both dispersal 113 occurs in a juvenile stage. In the first model, henceforth Distinct Disperser Phenotype Model 114 (DDPM), we incorporate a distinct dispersal life-history where a dispersal stage is included in 115 the life-cycle. Each individual has the potential to develop into a disperser (i.e. develop into 116 the dispersal stage) or a resident (i.e. do not develop into a disperser stage), and each 117 disperser has the option to leave the natal population ("successful disperser") or remain in 118 the natal population ("unsuccessful disperser") ( Fig. 1) . The natal population will thus consist 6 of residents and unsuccessful dispersers (given the proportion of "successful dispersers"). It is 120 important to note that unsuccessful dispersers in the context of this study refers to disperser 121 individuals that do not emigrate from the population; not to disperser individuals that do not (2017) to parameterise the IPMs; these data provide information on individuals that do and 152 do not develop into the deutonymph stage as life histories differ between individuals that 153 went through the deutonymph stage and those that did not (for detailed data collection see 154 The DDPM has a distinct dispersal stage, the deutonymph stage, which allows for 159 emigration. Dispersal is a two-step process that consists of development into a disperser 160 (deutonymph) and dispersal out of the population (Fig. 3 ). Deutonymph expression, β, 161 describes the transition probability of developing from a protonymph to a deutonymph. 162
Dispersal probability, , describes the probability of a deutonymph leaving the population (Fig.  163 3). Note that both rates are size independent in this system leave the population with a probability . The IPM equations for the NM can be found in Table  204 A1 of the appendix (equations 4.1 to 4.5). The dispersal function D in the NM was calculated 205 using dispersal probability applied to tritonymphs, contrary to the dispersal function D in 206 the DDPM which used and applied to deutonymphs (Fig. 3) . 207 208
Models parameterization and analysis 209
Models were parameterised from life-history data of female bulb mites (see Study  210 system and life-history data). In the case of the DDPM, the distinct dispersal stage was 211 parameterised from individuals that developed into the dispersal stage (the deutonymph). In 212 the case of the NM, these individuals were still included in the data for parameterisation but 213
were combined with the protonymph stage (stage preceding the tritonymph stage) ( Fig. 3) . 214
The idea behind combining these two life stages stems from the fact that, by including 215 dispersing individuals when estimating parameters of the vital rates for the NM, any individual 216 costs of these individuals will be incorporated into these rates and will be reflected to some 217 extent in the population. This would be indicative of empirical data where, within a 218 population, dispersing individuals were not identified but were present and sampled. 219
Once parameterised, each function is then discretised into a matrix form by dividing 220 the full size domain into very small-width discrete bins ('mesh points'; see appendix for 221 details). These discretised matrices describe the predicted transition rates and are used to 222 build a projection matrix that approximates the IPM, so standard methods for analysing matrix 223 population models can be used (Caswell 2001; Coulson 2012) . Details on how the functions 224 were parameterized can be found in the appendix. All analyses and simulations were 225 performed in R version 3.0.2 (R Development Core Team 2013). 226
227
Model comparisons 228
We compare a model that describes the distinct dispersal stage (DDPM) to a model 229 that does not (NM). To be able to compare these two models, they both have to represent 230 the same population, and therefore we fit them to the same population. Hence, even though 231 functions. While the value of β is calculated from the life-history data, we do not have data 235 11 for and . Therefore, we let vary between 0 and 1 and calculate the corresponding value 236 of . That is, for a fixed value of , the value of was calculated in such a way that the 237 proportion of individuals that disperse are the same in both models. The proportion of 238 individuals that disperse in the DDPM (resp. NM) was calculated by integrating the stable 239 stage distribution over the range of all sizes in the deutonymph stage (resp. tritonymph) and 240 multiplying it with the dispersal probability (resp. ). The stable stage distribution was 241 calculated as the dominant right eigenvector of the projection matrix associated with each 242 IPM (Easterling et al. 2000) . Finally, the population growth rate, λ0, was calculated as the 243 dominant eigenvalue of the projection matrix associated to each IPM (Easterling et al. 2000) . 244
245
Combination of disperser expression and dispersal probability 246
In the case of the DDPM we wanted to assess how an increase in disperser expression 247 (β) and dispersal probability ( ) would affect population-level processes. Within the DDPM, β 248 and were increased from 0-1 (at 0.01 increments) and for every combination of β and the 249 proportion of individuals that disperse and λ0 were calculated. 250
251
Results 252
Model comparisons 253
Comparing the outcomes of the two models, we found that population growth rates 254 (λ0) given by the DDPM and the NM are equal for only one value of ( * = 0.48) (Fig. 4A ). For 255 values smaller than *, the NM underestimates λ0, and for values greater than *, the NM 256 overestimates λ0 compared to the DDPM. As increases the population growth rate given by 257 the NM stays almost constant, while it decreases in the DDPM. Therefore, the difference 258 between the maximum and minimum λ0 values was higher for the DDPM (max = 1.26, min = 12 1.17) compared to the NM (max = 1.205, min = 1.198) (Fig. 4A ). This is due to the fact that the 260 low value of β produces only low proportions of dispersers in the DDPM while varying (black 261 line, Fig. 4B ). As a consequence, the equivalent range of values of in the NM that give those 262 same proportion of dispersers is very narrow and close to 0 (red line, grey box bottom left Fig.  263   4B) . The difference between the two growth rates of the two models is maximal for = 0.01 264 (difference = 0.055). (Table 1) . 274
The joint effect of β and on the proportion of dispersers and λ0 is not proportional. of the corresponding NM is almost constant with a value between the maximum and the 305 minimum population growth rate of the DDM. Therefore, the NM may under-estimate the 306 14 population growth rate ( < * ) or over-estimate it ( > * ), depending on the level of 307 dispersal. The population growth rate of the NM is almost constant because the dispersal 308 probability , as a function of the dispersal probability , is almost constant. This is a direct 309 consequence of the very low value of β (estimated from the data) that implies a very low 310 proportion of dispersing individual in the DDM (Fig. 4B) for all possible values of the dispersal 311 probability . Indeed, in the DDPM, dispersal probability is applied only to individuals that 312 develop into dispersing individuals, the dispersing stage (Fig. 3) , and the deutonymph 313 frequency is very low (β = 0.03). This means that very few individuals develop into dispersing 314 individuals resulting in a lower proportion of dispersers and so the dispersal probabilities, 315 regardless of how high they are, are only applied to a small proportion of the population. 316
Therefore, very high dispersal probabilities would not reduce the proportion of adults in the 317 population to such an extent that population growth rate will drop below one (Fig. 4A) . These 318 results highlight the fact that models that apply dispersal rates to all the individuals, and not 319 specifically to dispersing individuals, may over-or underestimate quantities, like the 320 population growth rate, that describe population dynamics. 321
Local population dynamics and dispersal rates between populations determines the 322 ecological dynamics of metapopulations. Indeed, dispersal rate has a large effect on 323 metapopulation dynamics and has shown to be influential in the propensity for dispersal-324 induced stability and synchrony within metapopulation models (Abbott 2011) and patch-level 325 asymmetry (Benard and McCauley 2008) . Our results are limited to a natal population 326 perspective, however this may ultimately effect metapopulation dynamics. A study by 327
Altermatt and Ebert (2010) has shown that, when considering the origin and number of 328 migrants, metapopulation functioning may differ to the patterns of the generally considered 329 view of colonization-extinction dynamics of metapopulations (e.g. Hanski and Gaggiotti 2004) . 330 15 Altermatt and Ebert (2010) show that migrating stages occur in small and ephemeral habitat 331 patches, contrary to colonization-extinction dynamics, and that these populations drive the 332 metapopulation dynamics. In essence, they suggest that the focus should also be on where 333 migrants colonizing a new habitat come from and in what numbers. Therefore, there is a need 334 to accurately predict the proportion of dispersers that disperse from specific populations. We 335 would further argue that the state of the natal population, given the presence of dispersing 
Combination of disperser expression and dispersal probability 349
Given that the proportion of individuals that leave the population during a dispersal 350 event is partly dependent on the number of disperser individuals within the population, we 351
wanted to investigate the effect on the population of jointly manipulating the proportion of 352 the dispersers in the population (β) and the dispersal probability ( ). Although we found a 353 general trend for proportion of dispersers to increase (or decrease) and population growth 354 rate to decrease (or increase) when both dispersal parameters increase (or decrease), when 355 the two parameters increase or decrease in opposite directions, a number of different 356 outcomes of the population parameters can occur (Table 1) . The outcomes include scenarios 357 which one would largely expect; an increase in the proportion of dispersers and a decrease in 358 population growth (or vice versa). For example, when the proportion of dispersers increase, 359 population growth rate will decrease as these individuals leave the population and so do not 360 contribute to the population growth. However, there are also outcomes that we did not The importance of the joint effect of dispersal probability and the frequency of 411 dispersing individuals within the population that we show, indicates the potential importance 412 of accounting for the frequency of dispersing individuals within a population. We appreciate 413 that our focus is on a specific study system, and do not suggest that our models are general in 414 terms of their outcome. Rather we illustrate that the effects of dispersing individuals on natal 415 populations are more than just a turnover of numbers. Given the importance of dispersal rates 416 in (meta)populations, and that natural dispersal rates are being altered by human activities, 417 how they are applied to populations then becomes vital. Only by identifying and including the 418 individual-level costs dispersing individuals in a population, and applying dispersal rates to 419 those individuals, can the full extent of the effects of dispersal to natal populations, and 420 potentially metapopulations, start to be realised. 
